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Derivatives were prepared from N-linked glycans by reductive amination from 2-aminoben-
zamide, 2-aminopyridine, 3-aminoquinoline, 2-aminoacridone, 4-amino-N-(2-diethylamin-
oethyl)benzamide, and the methyl, ethyl, and butyl esters of 4-aminobenzoic acid. Their
electrospray and collision-induced dissociation (CID) fragmentation spectra were examined
with a Q-TOF mass spectrometer. The strongest signals were obtained from the [M 1 Na]1
ions for all derivatives except sugars derivatized with 4-amino-N-(2-diethylaminoethyl)benz-
amide which gave very strong doubly charged [M 1 H 1 Na]21 ions. The strongest [M 1
Na]1 ion signals were obtained from the butyl ester of 4-aminobenzoic acid and the weakest
from 2-aminopyridine. The most informative spectra were recorded from the [M 1 Li]1 or
[M 1 Na]1 ions. These spectra were dominated by ions produced by sequence-revealing
glycosidic cleavages and “internal” fragments. Linkage-revealing cross-ring cleavage ions
were reasonably abundant, particularly from high-mannose glycans. Although the nature of
the derivative was found to have little effect upon the fragmentation pattern, 3-aminoquinoline
derivatives gave marginally more abundant cross-ring fragments than the other derivatives.
[M 1 H]1 ions formed only glycosidic fragments with few, if any, cross-ring cleavage ions.
Doubly charged molecular ions gave less informative spectra; singly charged fragments were
weak, and molecular ions containing hydrogen ([M 1 2H]21 and [M 1 H 1 Na]21) frag-
mented as the [M 1 H]1 singly charged ions with no significant cross-ring cleavages. (J Am
Soc Mass Spectrom 2000, 11, 900–915) © 2000 American Society for Mass Spectrometry
Most carbohydrates are difficult to detect whenanalyzed by techniques such as high-perfor-mance liquid chromatography (HPLC) be-
cause they lack a chromophore. Consequently, it is
common practice to form a derivative at the reducing
terminus to enable the compounds to be detected by UV
absorption or fluorescence. The most common deriva-
tization technique is reductive amination involving
condensation of the ring-opened (carbonyl) form of the
carbohydrate with an amine, usually aromatic. The
resulting Schiff base is comparatively unstable and is
reduced to the corresponding secondary amine. All
stages of the derivatization can conveniently be per-
formed in a single reaction.
Several amines have been used in this context and a
number of these have also been investigated as deriva-
tives for improving mass spectrometric detection limits
and fragmentation over that produced by the native
carbohydrates. Many of these derivatives have been
discussed in a recent review [1]. For example, Poulter
and Burlingame [2] investigated a series of alkyl-4-
aminobenzoates of linear and N-linked glycans, ionized
by fast-atom bombardment (FAB), and found that sen-
sitivity increased with chain length with optimal results
being obtained with the n-octyl ester. Informative neg-
ative ion spectra were obtained. Takao et al. [3] have
used the 2-(diethylamino)ethyl ester of 4-aminobenzoic
acid (ABDEAE) to prepare derivatives of maltohep-
taose, dextran, and the N-linked glycan,
(GlcNAc)2(Man)8 and have reported sensitivity in-
creases of 1000-fold over that of the free glycan when
the derivatives were examined by matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry. An
[M 1 H]1 ion rather than the more normal [M 1 Na]1
ion was formed from the tertiary amine function and
probably accounted for the gain in ion yield. Sensitivity
increases on a smaller scale have been reported for
other derivatives such as those prepared from 2-amino-
pyridine (2-AP, amine 2, Table 1) [4–8], 4-aminobenzoic
acid ethyl ester (ABEE, amine 6, Table 1) [8], and
4-trimethylaminoaniline [trimethyl-(4-aminophenyl)
amino or TMAPA derivatives] [8–10]. Derivatives pre-
pared from 2-aminobenzamide (2-AB, amine 1, Table 1)
currently appear to be the most popular for conferring
fluorescence to glycans for HPLC detection [11], even
though the related 2-aminobenzoic acid (2-AA) deriva-
tives have been reported to provide greater fluores-
cence [12]. The latter derivatives gave excellent negative
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ion MALDI spectra and enable neutral glycans to be
examined in the negative ion mode as [M 2 H]2 ions.
Fragmentation of the 2-AB derivatives of neutral N-
linked glycans has recently been described [13].
Several recent papers have reported derivatization
with 2-aminoacridone (2-AMAC, amine 3, Table 1)
[14–21] for use with both MALDI and electrospray. The
derivatives gave strong MALDI spectra that contained
[M 1 H]1 in addition to [M 1 Na]1 and [M 1 K]1
ions and, under electrospray conditions, gave [M 1
H 1 Na]21 and [M 1 2H]21 ions. The latter ions have
been shown to give informative CID spectra when
examined with a Q-TOF instrument. A recent develop-
ment by these investigators has been the introduction of
3-(acetylamino)-6-aminoacridine which was claimed to
possess higher fluorescence than 2-AMAC and to en-
able N-linked glycans to be examined by capillary
electrophoresis/electrospray mass spectrometry [22].
A few investigators have dispensed with the reduc-
tive stage in the derivatization reaction and have exam-
ined the carbonyl condensation products directly. Thus,
Naven and Harvey [23] used Girard’s T reagent whose
cationic site gave an increase in sensitivity of 10-fold
under electrospray conditions. Zhao et al. [24] have
used substituted-oxime formation for adding a basic
peptide residue to the reducing terminus of several
neutral N-linked glycans, and have reported sensitivity
increases of between 50- and 1000-fold by MALDI.
In this laboratory, glycans are usually examined
either as the native compounds or as 2-AB derivatives.
We have shown that the free glycans, ionized as their
sodium adducts, give large numbers of diagnostic frag-
ment ions when examined by CID on a Q-TOF instru-
ment [25] but the effect of different derivatives on mass
spectrometric sensitivity and fragmentation has not
been systematically studied.
Complex sugars generally fragment to give four
types of ions. The major ions are usually the result of
glycosidic cleavages where bond rupture occurs be-
tween the sugar rings and involves a hydrogen migra-
tion. Cross-ring cleavages, involving the rupture of two
bonds from a sugar ring, are generally weaker and are
not seen under all conditions. The other major ions are
“internal fragments” resulting from losses, either gly-
cosidic or cross-ring, from several sites in the molecule.
Sugars ionized by metal attachment also give a metal
cation. The accepted nomenclature for describing these
fragment ions is that proposed by Domon and Costello
in 1988 [26].
Glycosidic cleavages provide information on constit-
uent monosaccharide sequence and branching, whereas
cross-ring cleavages can be used to define linkage.
These latter ions are usually more prominent in the
spectra of lithium, sodium, and potassium adducts than
in those of the spectra of protonated molecular ions [27].
They are generally weak when compared with the
abundance of the glycosidic cleavage ions [28] unless
CID spectra are recorded at high collision energies [29,
30]. Their relative abundance appears to be highest in
the spectra of glycans ionized as lithium adducts [27],
the use of which has provided linkage information on a
range of glycans [31, 32]. Cross-ring fragments from the
decomposition of sodiated ions generated from either
free or permethylated glycans have been used by nu-
merous investigators for obtaining information on link-
age from many types of carbohydrate (see, for example,
[2, 33, 34]).
In this paper, we report the preparation and compar-
ative electrospray and MALDI detection sensitivity of a
number of these derivatives, listed in Table 1, and the
effect of these derivatives on the subsequent CID frag-
mentation.
Materials and Methods
N-linked glycans were obtained from Oxford Glyco-
Sciences (Abingdon, Oxfordshire, UK) or were released
from glycoproteins (obtained from Sigma Chemical,
Poole, Dorset, UK) with hydrazine [35]. The primary
amines, 2-aminobenzamide (2-AB), 2-aminopyridine (2-
AP), 3-aminoquinoline (3-AQ), 2-aminoacridone (2-
AMAC), 4-amino-N-(2-diethylaminoethyl)benzamide
hydrochloride (procainamide, 4-DEAEAB), and the
methyl (ABME), ethyl (ABEE), and butyl (ABBE) esters
of 4-aminobenzoic acid were purchased from Aldrich
Chemical (Poole, Dorset, UK). The MALDI matrix 2,5-
dihydroxybenzoic acid (DHB) was also purchased from
Aldrich and used without further purification.
Preparation of Derivatives
Derivatives prepared by reductive amination. These com-
pounds were prepared essentially by the method de-
scribed by Prime et al. [36]. Briefly, the dried glycan
(100 pmol–10 nmol) was dissolved in dry DMSO (6 mL)
Table 1. Structures of the amines used for the preparation of
derivatives
901J Am Soc Mass Spectrom 2000, 11, 900–915 FRAGMENTATION OF DERIVATIZED N-LINKED GLYCANS
to which acetic acid (2 mL) had been added. An excess
of the amine was added, followed by sodium cya-
noborohydride to give a final concentration of this
reagent of about 1 molar. The mixture was heated at
65 °C for 2 h, cooled, applied to a strip (100 3 30 mm)
of Whatman 3MM chromatography paper (Whatman
International, Maidstone, Kent, UK), and allowed to
dry. The paper was placed in a chromatography tank
containing acetonitrile and the solvent was allowed to
rise to the top of the paper. The spot (about 10 mm
diameter) at the origin was cut out and the carbohy-
drate derivatives were eluted with 160 mL of water.
Purification was achieved using a C-18 Millipore “Zip-
Tip” (Millipore, Watford, Herts., UK) according to the
instructions supplied by the manufacturer.
Schiff bases/glycosylamine. These were prepared by the
above method but in the absence of the sodium cya-
noborohydride reducing agent.
MALDI Mass Spectrometry
MALDI mass spectra were recorded with a Micromass
TofSpec 2E mass spectrometer (Micromass, Wythen-
shawe, Manchester, UK) from 2,5-DHB. The delay for
the time-lag-focusing ion source was 500 ns and the
pulse voltage was 3.4 kV. The acceleration voltage was
20 kV and positive ion spectra were recorded in reflec-
tron mode. Spectra from about 30 laser shots were
averaged to produce each spectrum and processing was
performed with a MassLynx data system. For sample
preparation, the glycan solution (0.5 mL containing
about 10 pmol of glycan) was applied to the stainless
steel target along with the matrix (0.5 mL of a saturated
solution of DHB in acetonitrile) and allowed to dry. The
sample was then recrystallised from the minimum
volume of ethanol [37].
Electrospray Mass Spectrometry
Electrospray MS and MS/MS spectra were recorded
with a Micromass Q-TOF mass spectrometer. The car-
bohydrate derivatives (15 mL containing approximately
3.6 nmol as measured by HPLC) were diluted with
either 5 mL of 0.1% formic acid in methanol:water (1:1
by volume) and 5 mL of a solution of an alkali metal
iodide [50 nM/mL, dissolved in methanol:water (1:1 by
volume)] or with 10 mL of 0.1% formic acid in methanol:
water (1:1 by volume) as described below. They were
infused using the nanoflow probe at between 50 and
200 nL/min. The needle voltage was 3000 V and the ion
source was maintained at 100 °C. Argon at 20 lb/in.2
was used as the collision gas and the collision energy
and cone voltage were adjusted as described below. The
resolution of MS1 was set to unit mass. 60 scans were
obtained for each spectrum, with each spectrum being
recorded in 1 s (48 spectra/min including interscan
delay) and the signal was accumulated until a satisfac-
tory signal/noise ratio had been obtained.
Results
Relative Sensitivities of the Various Derivatives
In order to determine which of the derivatives gave the
most intense signals when prepared as described above,
saturating concentrations from Millipore ZipTips of
(GlcNAc)2(Man)5 (I), derivatized with each of the
amines, were mixed and examined by microflow elec-
trospray from methanol:water (1:1 by volume) contain-
ing 100 pmol/mL sodium iodide. [M 1 Na]1 ions were
observed as the major ion from all derivatives except
DEAEAB where the [M 1 H 1 Na]21 ions dominated
the profile (Figure 1). A similar high sensitivity of the
doubly charged ion has been observed following elec-
Figure 1. Mass spectrum of equimolar amounts of high-mannose N-linked glycans released from
ribonuclease B by hydrazinolysis and derivatized with seven different amines (see text for abbrevi-
ations). The spectrum was obtained from about 10 pmol of each derivative at a cone voltage of 180 V.
Symbols for the molecular structures are: open circle 5 mannose; filled circle 5 GlcNAc.
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trospray [38] ionization of the analogous ester and has
been attributed to the high proton affinity of the tertiary
amine. The relative signal strengths of the [M 1 Na]1
ions from a single glycan derivatized with each of the
amines are compared in Figure 2 where it can be seen
that the derivative from butyl-4-aminobenzoate pro-
vided the highest sensitivity for singly charged ions
following electrospray. The signal strength dropped
with the chain length (ethyl and methyl esters) of the
derivative. A similar relationship has been reported by
Poulter and Burlingame [2] using negative ion FAB
ionization. Suzuki et al. [10] also report increased sen-
sitivity of the ethyl ester compared with that provided
by the 2-AP derivative in methanol:water when ob-
served both as [M 1 H]1 and [M 2 H]2 ions. When the
above mixture of eight derivatives was examined by
MALDI mass spectrometry, the 2-AMAC derivative
was found to give the most intense signal (Figure 2). It
must be emphasized, however, that these results reflect
the overall sensitivity of the experiment. As optimal
conditions for derivatization with each amine were not
determined, the final signal strength will reflect factors
such as product yield and losses during cleanup as well
as mass spectrometric ionization efficiency.
Effect of Cone Voltage on Ion Yield
Addition of small amounts (0.1%) of formic acid to the
electrospray solvent (methanol:water; 1:1 by volume)
induced protonation of the derivatized glycan. Results
for the 2-AB derivative of (GlcNAc)2(Man)5 (I) (Figure
3), which were typical, showed that the [M 1 H]1 ion
was present at maximum intensity at a cone voltage of
about 80 V, but only reached about half of the maxi-
mum intensity of the [M 1 Na]1 ion. Various doubly
charged ions were formed ([M 1 H 1 Na]21, [M 1
H 1 K]21, and [M 1 2Na]21) but their intensities did
not reach those of the maximum reached by the singly
charged ions under any conditions. No [M 1 2H]21
ions were observed in this experiment. Replacement of
the formic acid with sodium acetate or iodide (50
nmol/mL) suppressed protonation and gave only the
[M 1 Na]1 and [M 1 2Na]21 ions for all derivatives
except that formed from 2-(NN-diethylaminoethyl)-4-
aminobenzoic acid (DEAEAB). The relative abundance
of the [M 1 Na]1 ion again increased with cone volt-
age, as before, up to the maximum attainable of 200 V,
whereas the abundance of the [M 1 2Na]21 ion maxi-
mized at a cone voltage of about 60 V but with an
abundance of only 20% of the [M 1 2Na]21 ion. The
absolute abundance of the [M 1 Na]1 ion, relative to
that in the spectra recorded in the presence of formic
acid, was only slightly enhanced, suggesting that suffi-
cient residual sodium was present in the latter solvent
to ionize most molecules. Similar profiles were obtained
for the potassium adducts, for underivatized glycans
and for glycans derivatized with amines other than
DEAEAB.
MS/MS Fragmentation
The energy needed to fragment compounds under CID
conditions increased as a function of the charge state,
adduct, and molecular weight of the compound under
investigation. Previous results [25] have shown a linear
relationship between collision cell voltage and increas-
ing mass for a given charge state and adduct, with
about 100 V being needed to fragment the [M 1 Na]1
ion from a sugar of mass ;2 kDa. [M 1 H]1 ions
require about half of this voltage and multiply charged
ions even less. Consequently, the spectra reported in
this paper were not recorded under exactly the same
conditions. In order to detect minor fragments, the
collision cell voltage was varied by approximately 10 V
on either side of optimum so that fragments could be
collected over the entire mass range. Also, spectra were
recorded for several minutes in order to maximize the
Figure 2. Comparison of the MALDI (solid bars) and electro-
spray (shaded bars) signal strengths from the high-mannose
N-linked glycan (GlcNAc)2(Man)5 derivatized by reductive ami-
nation with each of eight different amines.
Figure 3. Relative intensities of singly and doubly charged ions
from the 2-AB derivative of (GlcNAc)2(Man)5 recorded at various
cone voltages with 0.1% formic acid added to the electrospray
solvent. Each point is a measurement of the absolute ion abun-
dance from the average of 11 spectra.
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signal/noise ratio and record even the minor frag-
ments. Spectra containing all major fragments could be
obtained from only about 3 s of recording using the
3-AQ or 2-AB derivatives. The amount of sample con-
sumed during this time was calculated at about 7 pmol
based on a saturating concentration of the derivatives
extracted by the ZipTip of 3.6 nmol. The DEAEAB
derivatives gave an increase in sensitivity of about
100-fold over that of the free glycan.
[M 1 Na]1 ions. The nature of the derivative was
found to have little effect on the appearance of the
spectra derived from the [M 1 Na]1 ions, as shown for
six derivatives of (GlcNAc)2(Man)5 (I, Figure 4), sug-
gesting that the sodium atom was associated with the
sugar rather than with the derivative. These spectra
were also similar to that from the underivatized glycans
[25], the exceptions being those the 0,2A5 and
2,4A5 ions
(Domon and Costello [26] nomenclature) were missing
as the result of the opened and reduced reducing-
terminal GlcNAc ring. The main difference between the
spectra of each of the derivatized sugars was in the
mass of the Y1 and Y2 ions (Figure 4) as these ions
contained the derivatized portion of the molecule. The
relative abundance of these two ions was much greater
in the spectra of the 2-AMAC derivatives than in the
spectra of the other derivatives, thus making it more
difficult to observe the minor cross-ring cleavage ions in
the spectra of these derivatives. In the spectrum of the
2-AP derivatives, these ions showed a favorable loss of
water, as did the molecular ion. The clearest spectra
were obtained from the 3-AQ derivatives. It was noted
earlier [13] that the diagnostic 0,4A3 cross-ring fragment
ion (see below) expected in the spectra of the 2-AB
derivative of (GlcNAc)2(Man)5 (I), currently the deriv-
atives of choice in this laboratory for HPLC studies,
were coincident in mass with the Y2 ion. Formation of
the 3-AQ derivative enabled these ions to be separated
without causing any further loss of diagnostic ions. The
relative abundance of cross-ring fragments also ap-
peared to be greater in the spectra of these derivatives
than in the spectra of the others.
Detailed fragmentation of the high-mannose glycan
(GlcNAc)2(Man)5 (I). The CID spectrum of the [M 1
Na]1 adduct of the 3-AQ derivative of (GlcNAc)2(Man)5
(I) is shown in Figure 5. Although this spectrum was
recorded from about 100 pmol (consumed) of glycan,
even the minor cross-ring cleavage ions were still
visible in spectra recorded from 10 pmol. Most of the
major fragment ions were the result of glycosidic cleav-
ages. A prominent B4 ion was present at m/z 1036.4 and
this ion fragmented further by successive losses of
mannose to give the ions at m/z 874.3, 712.3, 550.1, 388.1,
and 226.0. Corresponding losses from the molecular ion
(m/z 1223.5, 1061.4, 899.4, 737.3) were weak but, in both
series, the ion representing loss of three mannose resi-
dues (e.g., B4/Y3a) was relatively more abundant than
the others as the result of loss of the three mannose
residues from the 6-antenna by the net breaking of a
Figure 4. Electrospray CID mass spectra of the [M 1 Na]1 ions from six derivatives of
(GlcNAc)2(Man)5. (Abbreviations are listed in the Materials and Methods section). Symbols for the
structures are as defined in the legend to Figure 1.
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single bond. However, it must be borne in mind that, as
all of these glycosidic cleavage reactions involved a
hydrogen transfer, usually from a hydroxyl group [32],
the relative positions of the abstracted hydrogen and
acceptor oxygen atom will also affect the ion yield and
the presence of an abundant ion may not necessarily
imply the existence of a single cleavage. The abundant
loss of three mannose residues seen in the spectrum of
the sodium adduct of (GlcNAc)2(Man)5 was also seen in
the spectrum of (GlcNAc)2(Man)6 (II) from ribonuclease
(data not shown) where the extra mannose residue is
known to be on the 3-antenna [39] and is, thus, retained.
As illustrated by the above fragmentations, the ma-
jority of ions from these N-linked glycans were “inter-
nal fragments” (formed by losses from two or more
regions of the molecule) and could have several routes
of formation. These internal cleavages resulted in spec-
tra that were difficult to interpret if the structure of the
molecule was unknown. However, examination of sev-
eral spectra allowed some generalizations to be made.
Thus, differentiation of high-mannose or hybrid struc-
tures from complex (both antenna processed) N-linked
sugars could be made by the presence of (Hex)xNa
1
ions where x was greater than three. In the spectrum
shown in Figure 5, (Hex)xNa
1 ions occurred at m/z
185.0 (x 5 1), 347.1 (x 5 2), 509.1 (x 5 3), 671.2
(x 5 4), and 833.3 (x 5 5, B3 ion). It would appear that
the ion at m/z 671.3 is composed mainly of the B3 ion
minus the mannose residue attached to the 3-position of
the branching mannose. Ions formed by this route are
generally among the most abundant in spectra obtained
by PSD [40] or high energy CID [30] and define the
composition of the 6-antenna.
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Cross-ring fragments, and internal fragments de-
rived from them, were relatively weak but were present
at m/z 907.3 (3,5A4), 745.2 [
3,5A4/Y4 (or Y3b)], 599.2
(0,3A3), 583.2 (
3,5A3), and 569.2 (
0,4A3). The three A3 ions
were diagnostically useful in that they were formed by
bisection of the branching mannose residue and, thus,
contained only the monosaccharide residues from the
6-antenna. Five other ions (m/z 609.2, 625.2, 629.2, 637.2,
and 655.2) also contained the mannose residues at-
tached to the 6- but not to the 3-antennae. Their struc-
tures and mechanisms of formation were uncertain,
although structures such as those shown in Table 2 can
be proposed. The ions at m/z 637.2 and 655.2, which
differed by the mass of one oxygen atom, appeared to
contain the intact core mannose ring but not the sub-
stituents attached to C-1 and C-3 or their linking oxygen
atoms. The other three ions appeared to be cross-ring
cleavage products that had lost the substituent at C-3.
The abundant cross-ring cleavage ions from the reduc-
ing-terminal GlcNAc residue that were seen in the
spectra of the underivatized glycans [30, 40] were either
absent, or very weak, in the spectra of these derivatized
compounds. X-type fragments were absent, even
though they were major fragments in spectra recorded
at high energy [30].
MS3 experiments were performed on several of the
Figure 5. (a) Electrospray CID mass spectrum of the [M 1 Na]1 ion from the 3-AQ derivative of
(GlcNAc)2(Man)5 (approximately 100 pmol consumed). The arrows in this and other figures indicate
mass differences and do not necessarily imply a fragmentation path. (b) Scheme showing the
proposed routes of formation of the various ions shown in (a).
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abundant fragments from the [M 1 Na]1 ion of
(GlcNAc)2(Man)5-3-AQ by using cone-voltage fragmen-
tation to produce the second-generation ions. Two of
the spectra are shown in Figure 6. The B3 [(Man)5, m/z
833.3], [B3 2 Man]
1 [(Man)4, m/z 671.2], and [B3 2
(Man)2]
1 [(Man)3, m/z 509.1] ions gave simple spectra
showing mainly successive losses of mannose. The B4
(m/z 1036.3) and [B4 2 Man]
1 (m/z 874.3) ions frag-
mented to give spectra similar to that given by the
molecular ion with the exception that the Y1 and Y2 ions
were missing. Cross-ring cleavage fragments, e.g., 3,5A4,
3,5A3,
0,4A3,
0,3A3, and (
0,3A3 2 Man) were relatively
more abundant in these spectra than in the spectra of
the parent compound. These spectra confirmed that the
internal cleavage fragments could be formed by several
competing pathways.
Detailed fragmentation of the high-mannose glycan
(GlcNAc)2(Man)9 (III). The mass spectrum of the [M 1
Na]1 ion from the 3-AQ derivative of (GlcNAc)2(Man)9
is shown in Figure 7. The spectrum showed the same
general features as that of the corresponding derivative
of (GlcNAc)2(Man)5. Glycosidic cleavages resulting in
successive losses of mannose residues dominated the
spectrum. The branching pattern was reflected in the
relative abundances of the internal cleavages resulting
from mannose losses from the B4 and B5 ions. These
ions were most abundant when the mannose loss in-
volved a single cleavage. Thus, loss of two, three, and
five mannose residues gave the abundant ions at m/z
1360.4 (B5/Y4), 1198.4 (B5/Y3b), and 874.4 (B5/Y3a) from
the B5 ion and m/z 1157.4 (B4/Y4), 995.4 (B4/Y3b), and
671.3 (B4/Y3a) from the B4 ion, respectively. Cross-ring
Table 2. Proposed structures of the ions formed by cleavages across and around the core mannose
residue of (GlcNAc)2(Man)5. All structures were in the form of [M 1 Na]
1 ions
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fragments were relatively abundant and were observed
from the two GlcNAc residues and from the two
branching mannose residues as shown in Figure 7.
These ions defined the branching pattern at the two
branch points. Most of these cross-ring fragments were
observed to lose additional mannose residues.
Detailed fragmentation of the biantennary complex glycan
(Gal)2(GlcNAc)4(Man)3(Fuc)1-3AQ (IV). The spectrum
of the [M 1 Na]1 ion from the 3-AQ derivative of the
fucosylated biantennary glycan (IV) is shown in Figure
8. Most of the fragment ions were common to the
spectrum of the underivatized glycan with major ions
being the products of glycosidic cleavages adjacent to
GlcNAc residues. Thus, major primary cleavage ions
were produced by cleavage of the chitobiose core (B5,
m/z 1442.5) and antennae (B2, m/z 388.1, Y4, m/z 1572.6).
Prominent internal ions also involved these cleavages to
give ions such as m/z 1207.4 (Y4/Y4) and 1077.4 (B5/Y4).
Losses of fucose were observed from the molecular ion
(to give m/z 1791.7) and from the Y ions, e.g., m/z 1629.7,
1426.5, 1061.3, 575.2, and 372.1. Many relatively weak
A-type (but not X-type) cross-ring fragments were
present. Their weakness, compared to that in the spec-
tra of the high-mannose glycans, is probably due to
competition with the very favorable glycosidic cleav-
ages resulting in loss of the Gal–GlcNAc residues from
the antennae.
Detailed fragmentation of the complex glycans from chicken
egg glycoproteins. In addition to the major constituent,
ovalbumin, chicken egg white contains a number of other
glycoproteins such as ovomucoid and riboflavin binding
protein. Both of these compounds have been found as
contaminants of commercial ovalbumin and contribute
most of the higher molecular weight N-linked sugars
present in the glycan mixture [41]. Like many other avian
glycans, most of these compounds carry truncated
antennae, terminating in GlcNAc. Figure 9 shows the
MS/MS spectra of the 2-AB derivatives of five of these
compounds of composition (GlcNAc)4–8(Man)3 (V–IX).
Although the glycan of composition (GlcNAc)8(Man)3
(IX, Figure 9e) appears to be a single compound, the
others are mixtures of at least two isomers [42– 44].
The major isomer of each composition is shown in
Figure 9. All of these spectra were dominated by ions
produced by successive losses of GlcNAc residues
from various precursor ions. The [M 1 Na]1 ion initi-
ated one series but this series terminated after loss of
only three residues. The major series originated from
the B4 ions (loss of GlcNAc-2-AB) and terminated in
the ion at m/z 712.3 {[(GlcNAc)1(Man)3 1 Na]
1}. As
noted earlier [30], the glycosidic ion that was most
diagnostic of antenna composition can be formally
attributed to loss of the intact 3-antenna from the B3 ion.
This ion, although weak, initiated another cascade of
GlcNAc losses and was observed at m/z 1159.4 in the
Figure 6. (a) MS3 spectrum of the B4 ion from [(GlcNAc)2(Man)5-3AQ 1 Na]
1. (b) MS3 spectrum of
the B3 ion from [(GlcNAc)2(Man)5-3AQ 1 Na]
1.
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spectra of (GlcNAc)8(Man)3 (IX) and (GlcNAc)7(Man)3
(VIII) (Figure 9e, d, respectively), m/z 956.3 in the
spectrum of (GlcNAc)6(Man)3 (VII, Figure 9c), and at
m/z 753.3 in the spectrum of (GlcNAc)5(Man)3 (VI,
Figure 9b). Its appearance at the latter mass in the
spectrum of (GlcNAc)4(Man)3 (V, Figure 9a) suggested
that the 6- rather than the 3-antenna is substituted with
GlcNAc. Cross-ring cleavage fragments were very weak
in the spectra of these compounds as the result of the
very favorable loss of several GlcNAc moieties.
[M 1 H]1 ions. The spectrum of the [M 1 H]1 ion
[illustrated for the 3-AQ derivative of (GlcNAc)2(Man)5,
Figure 10] was less complex than that of the [M 1 Na]1
ion. The Y1 and Y2 ions were prominent but the remain-
der of the spectrum was dominated by only two other
series of ions: a B4 ion that lost successive mannose
residues and a series of ions resulting from mannose
losses from the molecular ion. Ions involving the Y3a
cleavage (m/z 528.2 and 877.4, loss of the three mannose
residues from the 6-antenna) were relatively more
Figure 7. (Top) Electrospray CID mass spectrum from [(GlcNAc)2(Man)9-3AQ 1 Na]
1. Symbols are
as defined in the legend to Figure 1. (Bottom) Scheme showing the proposed routes of formation of
the various ions shown in (a).
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abundant than the other ions of their respective types
reflecting the branching pattern. Cross-ring cleavage
fragments were absent.
Doubly charged ions. Three doubly charged ions were
produced from most derivatives: [M 1 2H]21, [M 1
H 1 X]21, and [M 1 2X]21 where X 5 the metal ad-
duct. Figure 11 shows the spectra of these ions from the
3-AQ derivative of (GlcNAc)2(Man)5. The [M 1 2H]
21
ion (Figure 11a) fragmented mainly by losses of man-
nose residues to give further doubly charged ions.
Losses of mannose, together with a proton, gave weak
singly charged ions. Fragmentation of the [M 1 H 1
Na]21 ion (Figure 11b) was directed by the proton to
give a spectrum that was similar to that from the [M 1
2H]21 ion but with a higher proportion of singly
charged ions. The Y1 cleavage ion was observed with
both hydrogen and sodium as the adduct. Very little
fragmentation was observed from the [M 1 2Na]21 ion
(Figure 11c).
The effect of other cations on the fragmentation of
the [M 1 H 1 X]21 ion was also investigated and the
results are shown in Figure 12 for the 3-AQ derivative
of the high-mannose glycan (GlcNAc)2(Man)6 (II). There
was little difference between the fragment ions pro-
duced from the lithium and sodium adducts. The
potassium, rubidium, and cesium adducts, however,
showed reduced fragmentation, the extent of which
decreased as the atomic weight of the adduct increased.
Similar observations have been made with fragmenta-
tion of these adducts following MALDI ionization [45]
and with electrospray MS/MS fragmentation of the free
glycan and its DEAEAB derivative [46]. The nature of
the fragmentation shown by these larger cation adducts
was also different in that major singly charged ions
were formed by loss of the metal. Ions corresponding to
Figure 8. (Top) Electrospray CID mass spectrum of the [M 1 Na]1 ion from the complex N-linked
glycan [(Gal)2(GlcNAc)4(Man)3(Fuc)1-3AQ 1 Na]
1. Symbols are as defined in the legend to Figure 1
plus open diamond 5 galactose, open upside down triangle 5 fucose. (Bottom) Scheme showing the
proposed routes of formation of the various ions shown in (a).
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the metal itself were also observed [47]. The singly
charged [M 1 H]1 ions, resulting from metal ion loss
from the potassium and rubidium adducts, gave a
series of singly charged ions resulting from successive
losses of mannose residues.
Schiff Base/Glycosylamine Derivatives
These derivatives were prepared by omitting the so-
dium cyanoborohydride reducing agent from the above
(reductive amination) method in order to check their
Figure 9. Electrospray CID mass spectrum of the [M 1 Na]1 ions from the 2-AB derivatives of
complex N-linked glycans of composition (GlcNAc)4–8(Man)3 from chicken egg white glycoproteins.
Symbols are as defined in the legend to Figure 6.
Figure 10. Electrospray CID mass spectrum of the [M 1 H]1 ion from the 3-AQ derivative of
(GlcNAc)2(Man)5. The collision cell voltage was 40 V.
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stability and fragmentation properties, as the absence of
this reagent would greatly aid the cleanup stage of the
derivative preparation. However, as anticipated, these
derivatives were relatively unstable and yields were
low.
The MS/MS spectra of their [M 1 Na]1 ions were
Figure 11. Electrospray CID mass spectra of the [M 1 2H]21 (a), [M 1 H 1 Na]21 (b), and [M 1
2Na]21 (c) ions from the 3-AQ derivative of (GlcNAc)2(Man)5. The collision cell voltage was in the
range 20–30 V.
Figure 12. Electrospray CID mass spectra of, from top to bottom, the [M 1 H 1 Li]21, [M 1 H 1
Na]21, [M 1 H 1 K]21, [M 1 H 1 Rb]21, and [M 1 H 1 Cs]21 ions from the 3-AQ derivative of
(GlcNAc)2(Man)6 (II).
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very similar to those of the corresponding reduced
derivatives as illustrated for the 2-AB derivative of
(GlcNAc)2(Man)5 (Figure 13). The main differences
were the relatively high abundance of the 0,2A5 and
2,4A5 cross-ring cleavage ions from the reducing-termi-
nal GlcNAc moiety, the low abundance of the Y1 and Y2
ions (m/z 364.1 and 567.2) and the appearance of the
0,2X0 ion at m/z 242.0 [CH3–CO–NH–
2CH¢1CH–NH–
(PhCONH2)]. The spectra of the various derivatives of
any one particular glycan were very similar except for
minor differences of the type shown for the derivatives
prepared by reductive amination shown in Figure 4. It
is not clear if these derivatives are in the form of the
Schiff base or glycosylamine. Spectra of the [M 1 H]1
and doubly charged ions generally paralleled those of
the reduced derivatives with the exception that the 0,2X0
ion tended to dominate the fragments the [M 1 2Na]21
ions.
Discussion
This study has shown that, whereas the type of reduc-
ing-terminal derivative affected the extent and nature of
ion formation, it had little effect on the fragmentation
pattern, as most fragment ions did not contain the
derivatized reducing-terminal GlcNAc residue. For all
of the derivatives, except those formed from DEAEAB,
the [M 1 Na]1 ion was invariably the most abundant,
even in the absence of added sodium salts. Its fragmen-
tation was similar to that of the underivatized glycan
and provided more structural information than the
[M 1 H]1 or the doubly charged ions. Ions containing a
hydrogen adduct tended to produce only glycosidic
cleavage fragments and not the cross-ring fragments
that provided linkage information. Potassium, rubid-
ium, and cesium-containing ions produced less frag-
mentation. The [M 1 Na]1 ions produced a wealth of
glycosidic and cross-ring fragments that provided con-
siderable information on the structure of the glycans.
Unfortunately, the high cone voltage used to maxi-
mize the abundance of these [M 1 Na]1 ions also
produced some cone-voltage fragments which compli-
cated the MS (but not the MS/MS) spectra. In addition,
the relative abundance of the [M 1 H]1, and other
molecular ions, fell as a function of increasing mass.
Profiling of a glycan mixture was, therefore, not as
satisfactory as with a MALDI instrument where few
in-source fragment ions are seen and no significant fall
in signal intensity with mass appears to occur over the
mass range covered by the common N-linked glycans
[48]. One solution to these problems would be to record
a spectrum of a mixture of glycans using MALDI in
order to obtain the glycan profile and then to focus only
on the molecular species, revealed by this technique,
when the sample is examined further with the Q-TOF
instrument. For glycans such as (GlcNAc)2(Man)5 and
the biantennary glycan IV, all major fragments could be
recorded from 5 to 10 pmol of glycan consumed.
Accumulation of more spectra gave informative link-
age-revealing cross-ring fragments, particularly at the
Figure 13. Electrospray CID mass spectra of the [M 1 Na]1 ion from the 2-AB derivative of
(GlcNAc)2(Man)5 prepared without reduction.
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site of a branching mannose residue. These ions were
most abundant in the spectra of glycans containing few
GlcNAc residues because of the tendency for competing
glycosidic cleavages to be particularly favorable adja-
cent to these residues.
Of the eight derivatives studied, the 2-AMAC deriv-
atives gave the least satisfactory spectra as these com-
pounds produced very abundant Y1 and Y2 ions, effec-
tively suppressing the relative abundance of the other
ions. However, these derivatives gave the most intense
MALDI signals. With the exception of the DEAEAB
derivatives which gave doubly charged ions as the
major species, there was little to choose between the
others with respect to fragmentation patterns. One
point that was noted, however, was the tendency of the
Y1 and Y2 ions from the 2-AB derivatives to be coinci-
dent in mass with two of the diagnostic cross-ring
cleavage ions from (GlcNAc)2(Man)5 [13]. By varying
the mass of the derivative, this problem could be
overcome. The best derivative in this respect was that
formed from 3-AQ. In addition, this derivative ap-
peared to produce the most abundant fragment ions.
Sialylated glycans could not be cleaned up with C-18
ZipTips in the same way as the neutral compounds.
However, in most cases, samples of these compounds
were found to give strong positive ion signals without
clean-up on C-18 but with several ions from each
compound as the result of sodium salt formation.
Spectra of the sialylated glycans were also obtained
following preparation of their methyl esters [49], a
procedure which neutralized the carboxylic acid func-
tion and prevented salt formation, thus giving only one
ion from each compound. Positive ion fragmentation
spectra were dominated by ions resulting from loss of
sialic acid but, in other respects, showed the same
general features as the spectra of the neutral glycans.
Further information is given in the paper specifically
describing the fragmentation of the DEAEAB deriva-
tives [46].
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